Li/BCX cells have flown on Space Shuttle missions on various applications since 1982. Thus far, the largest Li/BCX battery used by NASA contains eight cells. The proliferation of these cells into'much larger energy batteries for future spacecraft applications requires accurate and precise characterization of cells' thermal properties to enable effective thermal management systems. Good thermal * Electrochemical Society Student Member. * * Electrochemical Society Active Member.
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management system ensures both proper operation and maximization of cell performance. Measurement of fundamental thermodynamic parameters is an approach often used to determine the heat characteristics of an electrochemical cell. If the absorbed or evolved heat attributable to non-faradaic processes is negligible, then measuring the fundamental thermodynamic parameters such as the reversible cell potential (Er) and temperature dependence of the reversible cell potential (dEr/dT) at various temperatures provides a method of deDownloaded 18 Aug 2011 to 129.252.86.83. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp termining a cell's thermoneutral potential (Eh). The thermoneutral potential of a cell is an important estimate of its thermal capability. A cell operating at its thermoneutral potential is said to be at a thermal equilibrium in which it neither absorbs nor gives out heat during discharge. It is thus, a parameter of importance for estimating heat generation in a cell during discharge provided non-faradaic processes are negligible.
In most measurements of reversible cell potential, Er it is assumed that the open circuit potential, Eoov is the same as Er. However, the extrapolation of the load potential at small over-potentials to zero current may be more indicative of Er, as pointed out by Bittner et al. 4 This is because the open circuit potential can be influenced by impurities (solution component activities) and surface conditions of the electrodes, while the extrapolated load potential at small overpotential is the potential of the reaction of interest and thus may be more indicative of the true equilibrium potential.
This work differs from our previous communication in which the concept of the effective thermoneutral potential was used to analyze the thermal behavior of Li/BCX and Li/SOC12 cells) Effective thermoneutral potential differs from the cell's ordinary or classical thermoneutral potentim by an amount that is attributable to non-faradaic processes occurring during cell discharge. Consequently, the thermal potential obtained by the discharge of a cell is essentially equivalent to the effective thermoneutral potential. The difference between the effective thermoneutral potential and the ordinary or classical thermoneutral potential (i.e., with non-faradaic process potential excluded) is so small that it is often ignored; however, in consideration of high discharge rates and temperatures, and for the design of a very large battery, it is necessary not to overlook this difference. The relevance of this work is both to present thermal data on Li/BCX and compare with Li/SOC12 cells without resorting to calorimetric discharge. The usefulness of the information will be explained.
Theory
The basis of the load potential extrapolation to zero current lies in the Butler-Volmer equation
Here, io is the exchange current density, aa., is the transfer coefficient (a-anode, c-cathode), n the number of electrons transferred, F the Faraday constant, R the gas constant, T the temperature, and ~ the overpotential. For an irreversible system such as Li/SOC12, % is very small and could be neglected. At sufficiently small overpotential, corresponding to I1F < RT, by expanding the exponential terms in Eq. 1 we obtain , nFrl
In terms of the overpotential, i.e., ~1 = E~ -Er, Eq. 2 can be rearranged as [3] where E~ is the load voltage. Equation 3 indicates that a plot of E~ against i will yield a linear plot whose intercept on the vertical axis is the equilibrium (at zero current) or reversible cell potential, Er. Once the equilibrium potential is obtained at different temperatures, then dEr/dT can be calculated by a plot of Er against temperature, T. The thermoneutral potential, Eh defined as the potential at which thermal equilibrium exists (i.e., heat is neither absorbed nor generated) is obtained by
RT E1 = E~ + io(a~ + %)nF i
Equation 4 arises from the relationship between the free energy, enthalpy, and entropy changes of an electrochemical couple.
AG =AH-TAS [5] Substitute into Eq. 5 using G = -ZFEr, H = zFEh, and S = zFdEr/dT, and after rearrangement, Eq. 4 is obtained. 
Experimenh~l
Li/BCX DD-cell, Type 3B2085-XA and the high rate Li/SOC12 D-cell, Type 6P204-ST manufactured by Wilson Greatbatch, Ltd. (Clarence, NY) were used. The cells were designed to NASA's specifications. At room temperature conditions (25~ and at a maximum load of 1.0 ~, the Li/BCX DD-cell used has a capacity of 20 Ah while the Li/SOC12 D-cell has a capacity of 10 Ah at a rate of 5.0 A. Both cells are cylindrical in shape and measure approximately 3.32 cm in diam. The DD-cell is 10.43 cm long and has a working electrode (anode) surface area of 372 cm 2 while the D-cell is 5.80 cm long with an anode surface area of 530 cm 2. Water baths continuously stabilized to within +0.002~ were used. Cells were not in contact with water.
A Kepeo (New York, USA) series BOP 36-12M (Model 195A) bipolar power supply rated for a maximum power output of 400 W was operated under voltage control for the equilibrium discharge experiments. The power supply has output ranges of +36 V and +12 A. Under load control, the maximum output variations of the power supply over an 8 h period (8 h drift) is less than + 0.005% of its maximum rating, which is equivalent to less than 1.6 mV offset for a 10~ temperature change.
For the equilibrium discharge, a No. 20 AWG wire was soldered to both the anode and cathode tabs of the cell. The cell was then fitted into the sample chamber of the aluminum cell holder with the wires connected to copper segments which were connected to the power supply. At a given temperature, the cell was equilibrated for 3 h in the calorimeter chamber. The BOP power supply, acting as a potentiostat was set to control the cell voltage. In the open circuit potential approach, the open circuit potential of BCX and Li/SOC1 a cells were measured at four different temperatures between 0-60~ One cell of each type was used at each temperature. The cell was kept in the constant temperature bath and the electrical leads connected similar to those for equilibrium discharge method. After 8 h of equilibration, the voltage recorded was taken as the open circuit potential:
Results and Discussion
At the end of the equilibration period (for the reversible or equilibrium discharge method), the cell voltage was stepped down from the open circuit value by 5 mV increments. The current, load voltage and time were measured or recorded. At each temperature condition, the measured cell voltage was plotted as a function of current and by a linear fit the equilibrium potential (at zero current) was obtained by extrapolation. A typical linear fit result for the BCX cell is shown in Fig. 1 . The equilibrium voltage obtained at each temperature through this approach was plotted as a function of temperature as shown in Fig. 2 for both the BCX and Li/SOC12 cells.
The completion of the equilibrium discharge experiments took about five days for each cell. The thermoneutral potential obtained for the BCX cell showed that the use of the first two points (at two different temperatures) obtained within the first 48 h of the start of the experiment (taken before the other points) were in agreement with the values of thermoneutral potential obtained by other meth- Comparing results obtained through the two methods, it is observed that the results at 50% confidence level straddle those at 95 % confidence level for both cells. Thus, with its lower risk of being wrong 5% of the times, the results obtained by the OCV approach could be taken to be more reliable. Thus the ranges at which the thermoneutral potentials of BCX and Li/SOC12 cells lie could respectively be given as Eh Table I . There is excellent agreement between the results from the present work and with those reported in Table I. The results from the work of Chenebault et al. ~ predicted a value of dEr/dT that is higher than any previously reported in the literature (Table I) , however the effective thermoneutral potential (thermal potential, E~t p = 3.884 V) they obtained at 40~ and a discharge rate of 1.0 mA/cm 2 is closerto the thermoneutral potential obtained in this work.
As a result of the high dEr/dT value obtained by Chenebault et aI. ,5 the reversible cell potential, Er predicted at 25~ (using their data) is quite in disagreement with both the literature values and this work. The results from the present work predict that the BCX and Li/SOC12 cells will both be exothermic at all load voltages (open circuit voltages are below Eh in each case) with the BCX cell being capable of more heat generation (a consequence of its higher Eh).
Conclusions
The measured parameters, E~, dEr/dT, and Eh are significant in the estimation of expected heat flow from a cell during discharge provided the cell voltage and discharge current are known. This is so when the current flow through the cell (dependent on a number of factors) is small and certain non-faradaic processes and electrode tab resistances do not give rise to significant heat output. However, as the current increases and polarization becomes larger, the dependence of the non-faradaic processes on the concentration of certain species in the electrolyte may result to a current dependence of the heat generated by such non-faradaic process. Consequently, the present parameters can only be used for estimation of the heat flow in a cell.
The present results thus indicate that the method of reversible cell discharge or OCV method can provide a means of predicting heat generation rates in cells without using a [6] where the last term is assumed negligible. Such a heat flow obtained is approximate because it neglects the heat contributions from non-faradaie reactions and resistive heat from electrode connections. The close agreement of the resuls on BCX cell in this work with the result obtained by calorimetry in Ref. i suggests that at low discharge rates the heat due to non-faradaie processes may not be critical in predicting the heat generation in BCX cells. The agreement of the results on Li/SOC12 cell with literature values substantiates the work. The different thermal characteristics of the BCX cell (E h = 3.994 + 0.0603 V) from those of Li/SOC12 cell (E h = 3.893 _+ 0.0776 v) could partly be attributed to the slight differences in their active components. This difference puts to question the common assumption often made about the similarity in the thermal behavior of both cell types.
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